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ABSTRACT
Current constraints on gravity are relatively weak on galactic and intergalactic
scales. Screened modified gravity models can exhibit complex behaviour there with-
out violating stringent tests of gravity within our Solar System. They might hence
provide viable extensions of the theory of gravity. Here, we use galaxy kinematics to
constrain screened modified gravity models. We focus on chameleon f(R) gravity and
predict its impact on galaxy rotation curves and radial acceleration relations. This
is achieved by post-processing state-of-the-art galaxy formation simulations from the
auriga project, using the mg-gadget code. For a given galaxy, the surface di-
viding screened and un-screened regions adopts an oblate shape, reflecting the disc
morphology of the galaxy’s mass distribution. At the ‘screening radius’—the radius at
which screening is triggered in the disc plane—characteristic ‘upturns’ are present in
both rotation curves and radial acceleration relations. The locations of these features
depend on various factors, such as the galaxy mass, the concentration of the density
profile and the value of the background field amplitude f¯R0. Self-screening of stars and
environmental screening also play a role. For Milky Way-size galaxies, we find that
a model with |f¯R0| = 10−7 results in rotation curves that are indistinguishable from
ΛCDM, while for |f¯R0| ≥ 2×10−6 the simulated galaxies are entirely unscreened, vio-
lating Solar System constraints. For intermediate values, distinct upturns are present.
With a careful statistical analysis of existing samples of observed rotation curves, in-
cluding lower mass objects, constraints on f(R) gravity with a sensitivity down to
|f¯R0| ∼ 10−7 should be possible.
Key words: dark energy – methods: numerical – cosmology: theory – galaxies:
general
1 INTRODUCTION
At the time of writing, nearly two decades have passed since
the discovery (Perlmutter et al. 1998; Riess et al. 1998) that
our Universe is undergoing an accelerated expansion. In the
intervening period, high precision experiments such as the
Planck mission (Planck Collaboration 2016) have found re-
markably good agreement with the ΛCDM model of the Uni-
verse. However, underlying uncertainties about the nature of
dark matter and and the origin of a cosmological constant
provide motivation to think about alternatives and exten-
sions to the theory. It is also not clear whether gravity devi-
ates from pure general relativity theory only at the level of
? E-mail: an485@ast.cam.ac.uk
the background expansion of the Universe or whether struc-
ture formation on other scales is also altered. As current
tests of gravity on cluster, galaxy and intergalactic scales
are relatively weak, such modifications could have evaded
detection.
Screened modified gravity theories provide a range of
viable extensions to GR and ΛCDM. They exhibit modi-
fications to the gravitational force on different scales (see,
e.g., Joyce et al. 2015; Burrage & Sakstein 2018; Clifton
et al. 2012; Koyama 2016) while remaining consistent with
stringent tests of gravity performed within our Solar System
(see, e.g., the review of Solar System constraints in Sakstein
2018).
The subclass of modified gravity (henceforth MG) theo-
ries investigated in this work is f(R) gravity. First studied in
c© 2017 The Authors
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Buchdahl (1970), this theory modifies the Einstein-Hilbert
action underpinning General Relativity (GR), so that the
Ricci scalar R is replaced with a function R+ f(R).
The functional form for f(R) employed in this work
is that of Hu & Sawicki (2007), which is an example of a
theory known to exhibit a chameleon screening mechanism
(Khoury & Weltman 2004; Brax et al. 2008); the mass of the
scalar field is environment-dependent, such that fifth forces
are suppressed in regions of high density or in deep potential
wells. It is worth also noting that the speed of gravitational
waves in f(R) gravity is equal to the speed of light, so the
theory remains consistent with the constraints of GW170817
(Brax et al. 2016; Lombriser & Lima 2017; Sakstein & Jain
2017; Mar´ıa Ezquiaga & Zumalaca´rregui 2017). The details
of the theory will be outlined in greater detail in §2.
The key physical parameter to be constrained in this
theory is the background amplitude of the scalar field at
redshift zero, |f¯R0|. This controls where screening is trig-
gered and hence the magnitude of modified gravity effects in
different environments. Smaller |f¯R0| values corresponding
to smaller deviations from GR. An overview of constraints
on chameleon theories, including chameleon f(R) theories,
can be found in Burrage & Sakstein (2018). Currently, the
strongest constraints on |f¯R0| come from tests using cosmic
distance indicators. The distances inferred from observations
of Cepheid variables and stars at the tip of the red-giant
branch would be affected if these objects are exposed to
a modified gravitational force. Jain et al. (2013) derive a
95% confidence limit of |f¯R0| < 5 × 10−7 from such obser-
vations. Other competitive constraints, at around the 10−6
level, have been calculated from redshift-space distortions
(Xu 2015), and by comparing the stellar and gaseous rota-
tion curves of dwarf galaxies (Vikram et al. 2014). Similarly,
strong constraints can be obtained by requiring that mod-
ified gravity effects are screened in the Milky Way at the
solar radius, although this depends on the amount of envi-
ronmental screening of the Milky Way by the Local Group.
To make further progress on constraining modified gravity
on the scale of galaxies, more accurate predictions of how
modifications of gravity affect the kinematics of galaxies are
needed.
Hitherto, most works investigating the effect of modifi-
cations of gravity on galactic scales have done so with the
aim of replacing the role of dark matter, with theories such
as MOND (Milgrom 1983). One recent work was Burrage
et al. (2017), in which it was found that a symmetron fifth
force can provide a good fit to observed radial acceleration
relations, in place of dark matter. The present work, in con-
trast, studies the kinematics of galaxies in MG theories that
assume a similar amount of dark matter as in ΛCDM but
alter structure formation by a fifth force. Little work has
been done in this direction previously. Notable exceptions
include de Almeida et al. (2018) and Vikram et al. (2014).
The former introduces a Yukawa-like fifth force with a dif-
ferent coupling to dark matter and baryons. The study of
Vikram et al. (2014) will be discussed in more detail in §5.
Another notable study constraining modified gravity
with galaxies is Desmond et al. (2018a). They constrain fifth
forces, including those of chameleon f(R) theories, in the lo-
cal cosmic web by searching for offsets between the gas and
stellar centroids of galaxies, deriving a tight constraint of
|f¯R0| ≤ few × 10−8.
The present work, by contrast with all of the above, in-
vestigates the effect of screened chameleon f(R) gravity on
galaxy rotation curves, providing the first simulation predic-
tions of rotation curves in screened modified gravity.
N-body simulations of alternative gravity theories are
increasingly the tool of choice for predicting their observa-
tional signatures. Winther et al. (2015) present an overview
and comparison of different simulation codes and find good
agreement between the results of different groups, indicat-
ing that the field has reached a significant degree of matu-
rity. Arnold et al. (2016) recently performed the first high
resolution, dark matter-only, zoom-in simulations of Milky
Way-sized halos in f(R) gravity. This work builds upon that
work by providing the first simulated galaxy rotation curves
in f(R) gravity for Milky Way-sized galaxies.
A key difference worth emphasising between the work of
Arnold et al. (2016) and the present work is that the former
work provides fully self-consistent solutions of f(R) dark
matter halos. The halos simulated therein are evolved un-
der f(R) gravity from high redshift initial conditions in the
linear regime to the present day. The extreme non-linearity
of the governing equations of f(R) gravity make these sim-
ulations significantly more computationally expensive than
in standard gravity. Nevertheless, dark matter-only simula-
tions such as those found in Arnold et al. (2016) are com-
putationally feasible. Simulating the complex hydrodynam-
ics and baryonic physics of galaxies at high resolutions and
with modified gravity is, however, still very challenging at
present. So, in order to investigate the effects of chameleon
f(R) gravity in galaxies, we have instead performed calcu-
lations of the f(R) effects in ‘post-processing’.
We have used the mass distributions of state-of-the-art
ΛCDM simulations of disc galaxy formation from the au-
riga project (Grand et al. 2017). Then, using the modi-
fied gravity solver aboard the mg-gadget code, the scalar
fields and fifth forces were numerically computed across
these galaxies, and the corresponding rotation curves de-
rived. As a result, our models are not full dynamical mod-
els encapsulating the evolution of f(R) galaxies, but simply
rotation curves calculated for galaxies with mass distribu-
tions believed to be closely resembling those of real galax-
ies. The basic underlying assumption is that disc galaxies
should have a rotationally-supported disc component even
in the presence of modifications of gravity, so that the radial
gravitational acceleration in the disc plane can be inferred
from measurements of gas and/or stellar velocities, which
allows the presence of a fifth force to be constrained.
This work is structured as follows. Firstly, §2 outlines
some of the theoretical foundations of chameleon f(R) grav-
ity necessary for the subsequent discussion. §3 then describes
the methodology of the present work, describing both the
code employed and the simulated galaxies analysed herein.
Results are then presented in §4 and discussed in §5, followed
by concluding remarks in §6. The metric signature adopted
in this work is (−,+,+,+), and units are chosen such that
the speed of light c = 1.
2 CHAMELEON F (R) GRAVITY
The species of MG employed in this work is ‘f(R) gravity’.
f(R) theories were first studied in Buchdahl (1970), and a
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review of more recent progress can be found in Amendola
& Tsujikawa (2010). f(R) theories have been shown to be
equivalent to scalar-tensor theories of gravity (Brax et al.
2008), so that constraints on f(R) gravity can be translated
into the language of scalar tensor gravity.
The action of this theory is given by:
S =
∫
d4x
√−g 1
16piG
[R+ f (R)] + Sm[gµν , ψi] (1)
As the name of the theory would suggest, the Ricci scalar
R in the classical Einstein-Hilbert action is replaced with a
generalised R+ f (R). The theory reduces to ΛCDM in the
case that f(R) = −2Λ.
It is worth noting that there is some variation in the
literature regarding the definition of f(R). In some places,
the convention adopted is R → R + f (R), while elsewhere
R → f (R) is used. In this work, the former convention has
been adopted in order to maintain consistency with Puch-
wein et al. (2013) and the internal workings of mg-gadget.
In order to ensure that a theory of modified gravity
passes Solar System constraints, it is necessary to introduce
a ‘screening mechanism’, i.e. a mechanism that suppresses
the fifth force in dense environments like those of our Solar
System, but (for interesting, testable theories) unleashing
a fifth force in other environments. A review of screening
mechanisms can be found in Joyce et al. (2015).
Extremising the action in Eq. (1) leads to an equation
of motion for fR ≡ dfdR , which plays the role of a scalar field
in this theory. Furthermore, the acceleration of a free-falling
particle in terms of the Newtonian potential φ and fR is
given by
x¨+∇Φ = 1
2
∇fR. (2)
The fifth force contribution on the right hand side of this
equation is directly related to the gradient of the scalar field
fR. The theory can exhibit the screening mechanism known
as ‘chameleon’ screening if f(R) is suitably chosen such that
fR gradients are strongly suppressed in regions of high den-
sity, rendering the fifth force undetectable.
A widely studied f(R) model known to exhibit
chameleon screening is the Hu-Sawicki model (Hu & Sawicki
2007)
f(R) = −m2 c1
(
R
m2
)n
1 + c2
(
R
m2
)n , (3)
where m2 ≡ H20 Ωm; H0 is the present-day value of the Hub-
ble parameter and Ωm is the current matter density frac-
tion in units of the critical density. Moreover, mg-gadget
follows much of the literature about the Hu-Sawicki model
in adopting n = 1.
The model can recover an expansion history close to
ΛCDM if it is required that c2R
m2
 1, so that
f(R) ≈ −m2 c1
c2
[
1 +O
(
m2
c2R
)]
. (4)
Then, one recovers ΛCDM to first order, i.e. f(R) ≈ −2Λ,
if
c1
c2
= 6
ΩΛ
Ωm
. (5)
With this, we are left with a free choice of just one param-
eter: either c1 or c2.
Differentiating the Hu-Sawicki model in Eq. (3), the
scalar field fR is given by
fR ≡ df
dR
= − c1(
c2R
m2
+ 1
)2 ≈ − c1c22
(
m2
R
)2
(6)
Using the Friedmann-Robertson-Walker metric, an ex-
pression for the background curvature as a function of scale
factor a can be derived,
R¯(a) = 3
m2
a3
(
1 + 4
ΩΛa
3
Ωm
)
. (7)
Combining Eqs. (7) and (6) yields the following expression
for f¯R0, the background value of the present-day scalar field,
f¯R0 = − 2ΩΛΩm
3 (Ωm + 4ΩΛ)
2
1
c2
. (8)
This shows that there is only one free parameter remaining
in the model. From Equation (8), it is apparent that choos-
ing c2 is equivalent to choosing f¯R0. The ΛCDM+GR limit
corresponds to the limit f¯R0 → 0 or c2 →∞. In the remain-
der of this work we purely use f¯R0 as the parameter defining
our Hu-Sawicki models.
A final note in this section is that combining Eqs. (7)
and (6) also leads to expressions for the time-dependent
background scalar field f¯R(a) and the curvature perturba-
tion δR ≡ R− R¯(a) as a function of scale factor a,
f¯R(a) = a
6f¯R0
(
1 + 4 ΩΛ
Ωm
1 + 4 ΩΛa
3
Ωm
)2
, (9)
δR = R¯(a)
√ f¯R(a)
fR
− 1
 . (10)
Extremising the action in Eq. (1) gives a set of modified
Einstein field equations, which in the Newtonian limit leads
to an equation of motion for fR,
∇2fR = 1
3
(δR− 8piGδρ) , (11)
in addition to a modified Poisson equation for the gravita-
tional potential (Hu & Sawicki 2007),
∇2Φ = 16piG
3
δρ− 1
6
δR. (12)
Here δρ is the perturbation of the matter density from its
background value, while δR denotes the perturbation of
the scalar curvature. Implicit in the derivations of these
equations is the assumption |fR|  1, which is satisfied
for all viable models, and the quasistatic approximation
|∇fR|  ∂fR∂t . The latter approximation should be well jus-
tified in the models considered here, as discussed in Noller
et al. (2014) and Sawicki & Bellini (2015).
It will prove useful later to rewrite the modified Poisson
equation (12) in terms of an ‘effective density’ δρeff ≡ 13δρ−
1
24piG
δR that encodes the modified gravity contributions,
∇2Φ = 4piG (δρ+ δρeff) . (13)
Equations (11) and (13), as well as (9) and (10) are
the governing equations solved by the scalar field solver in
mg-gadget.
MNRAS 000, 1–17 (2017)
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3 METHODOLOGY
3.1 The Auriga galaxy formation simulations
The simulated galaxies studied in this work were not evolved
ab initio using mg-gadget, but were instead formed in hy-
drodynamical ΛCDM simulations with state-of-the-art bary-
onic physics performed in the auriga project (Grand et al.
2017), and post-processed using the scalar field solver of
mg-gadget. The validity of this post-processing approach
is discussed in §3.2.
The auriga project employed magnetohydrodynam-
ics and a sophisticated galaxy formation prescription (in-
cluding implementations of radiative cooling, star formation,
chemical enrichment, supernovae and AGN feedback) to per-
form zoom simulations of 30 isolated Milky-Way size galax-
ies, using the moving mesh code arepo (Springel 2010).
The auriga galaxies reproduce a range of observables
of Milky Way-like galaxies, including masses, sizes, rotation
curves, star formation rates, and metallicities. Furthermore,
the simulated galaxies have clear Milky Way-like spiral mor-
phologies; featuring bars and spiral arms.
Thirteen such galaxies have been studied here, and an
overview of their basic properties is provided in Table 1. 9
of these galaxies are from the original auriga Project (Au1,
Au2, Au9, Au11, Au13, Au20 Au21, Au22, Au24), a further
4 lower-mass galaxies (AuL1, AuL4, AuL5, and AuL8) were
taken from a follow-up project.
Projections of the various components, i.e. gas, stellar,
and dark matter surface density, of galaxies Au21, Au13,
and AuL8 are shown in Figure 1. These 3 galaxies have been
chosen to represent a range of galaxy morphologies. Au21 is
a grand design spiral galaxy, AuL8 has a prominent bar, and
Au13 a slightly less well-defined disc.
The particle, and hence mass, distributions of these
galaxies were extracted from the auriga simulation snap-
shots, and fed to mg-gadget’s modified gravity solver,
which is discussed in the following sub-section and computes
the scalar field fR and the modified gravity accelerations
throughout the simulation volume.
3.2 Calculation of modified gravity effects
The modified gravity solver used in this work is part of the
mg-gadget simulation code (Puchwein et al. 2013), which
is itself based on the p-gadget3 code (last described in
Springel 2005), but incorporates a reworked gravity solver.
The latter allows simulating models with highly non-linear
force laws such as Hu-Sawicki f(R) gravity.
In the base p-gadget3 code, gravitational forces are
calculated using a ‘TreePM’ method: long-range forces are
calculated using Fourier (Particle Mesh) methods, while
short-range forces are calculated using a hierarchical oct-
tree, which gives higher spatial resolution. mg-gadget also
utilises these methods to solve Eq. (13), but in addition
the scalar field fR is computed and stored on a space-filling
adaptive mesh, which is constructed from the oct-tree struc-
ture. More precisely, fR is obtained by solving Eq. (11) with
a multi-grid accelerated, iterative Newton-Gauss-Seidel re-
laxation method on the adaptive mesh. This allows calculat-
ing fR everywhere in the simulation volume, as well as the
MG acceleration on each particle. A much more detailed de-
scription of the algorithm can be found in the original code
paper (Puchwein et al. 2013), while scientific applications
of the code are presented in, e.g., Arnold et al. (2018) and
Arnold et al. (2016).
The modified gravitational forces are calculated in post-
processing from ΛCDM simulations, rather than by per-
forming full galaxy formation f(R) simulations, which would
be computationally much more expensive. This means that
modified gravity effects on the evolution of galaxies will not
be captured. However, the gas and stellar components of
the auriga galaxies match observations well and can thus
be used as a mass model for investigating the modified grav-
itational forces in galaxies in f(R) gravity. Assuming that
f(R)-galaxies also have a rotationally-supported disc com-
ponent, the corresponding effects on the rotational velocity
can be estimated. An additional uncertainty is introduced
by the change in the dark matter density profile due to mod-
ified gravity.
Arnold et al. (2016) investigated the effect of chameleon
f(R) gravity on the formation of dark matter halos. In that
work, computationally cheaper dark matter-only f(R) grav-
ity simulations were performed using mg-gadget in order
to investigate the effects of f(R) gravity on Milky Way-
mass dark matter halos. The simulations were performed
from identical initial conditions to the aquarius simula-
tions (Springel et al. 2008). Figure 2 compares the density
profiles of five haloes in these full f(R) simulations (for
|f¯R0| = 10−6) with those of the corresponding haloes in
the ΛCDM simulations. It can be seen in this figure that
the shapes of the density profiles from the f(R) simulations
are qualitatively similar to those of the ΛCDM simulations.
While the presence of the chameleon fifth force might change
the total mass and concentration of a given halo somewhat,
it does not significantly affect its morphology. In particular,
the NFW profile (Navarro et al. 1996) can fit both ΛCDM
and f(R) haloes equally well. When fitting observed rota-
tion curves along with measured stellar and gas densities,
the mass and concentration of the dark matter halo would
be free parameters, so that changes in these parameters due
to modified gravity would be captured.
Figure 3 shows circular velocity profiles (rotation
curves) for two of the five haloes. These two were chosen by
virtue of being the only ones partially screened, rather than
fully unscreened, for |f¯R0| = 10−6. The blue curves show ro-
tation curves from the original full f(R) simulations, while
the black curves show post-processed rotation curves from
the ΛCDM simulations. The key point of this figure is that
both sets of rotation curves are qualitatively the same, with
similar upturns at the screening radii. The differences in the
heights of the curves and locations of the screening radii
can be ascribed to the differences in halo mass and concen-
tration. That is to say, employing the fully self-consistent
approach of full f(R) simulations would have changed the
exact masses and density profiles of the galaxies, and there-
fore the resulting rotation curves, but the qualitative fea-
tures, particularly the upturns, would still be present at the
screening radii.
Another complication is the potential effect of bary-
onic feedback on the dark matter density profile (see, e.g.,
Duffy et al. 2010). In the following we assume that such ef-
fects (e.g., the potential formation of a core) happen in a
very similar way under both f(R) gravity and ΛCDM. This
should certainly hold in objects in which the central region,
MNRAS 000, 1–17 (2017)
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Figure 1. Projected gas (left), stellar (middle) and dark matter (right column) density of the auriga galaxies Au21 (top), Au13 (middle),
and AuL8 (bottom row). For each object and component, face-on and edge-on projections are shown. The mass distributions of these
and other simulated galaxies were used as an input for the mg-gadget modified gravity solver.
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Galaxy r200 M200 M∗ v200 vpeak
[kpc] [1010 M] [1010 M] [km/s] [km/s]
Au1 192.09 77.38 3.61 159.44 197.19
Au2 260.51 193.01 11.19 184.02 246.64
Au9 232.25 104.69 6.26 149.87 261.36
Au11 212.45 149.28 8.67 179.93 241.95
Au13 239.14 122.03 7.30 158.59 282.63
Au20 223.59 127.58 5.89 162.43 219.51
Au21 226.93 146.53 9.13 169.01 252.30
Au22 237.64 91.74 6.20 144.70 284.38
Au24 203.31 147.29 8.11 177.37 239.34
AuL1 238.07 51.70 2.47 120.19 165.94
AuL4 168.67 52.39 2.52 111.91 143.13
AuL5 184.34 68.38 3.43 128.57 189.64
AuL8 197.83 84.52 5.36 140.34 223.09
Table 1. Basic properties of the simulated galaxies used in this work. Columns are 1) Auriga ID: the identifying number of the galaxy
in the auriga project, 2) r200: the virial radius, here taken as the radius enclosing a region of average density equal to 200 times the
cosmic critical density, 3) M200: the mass contained within r200, 4) M∗: the total stellar mass within r200, 5) v200: the circular velocity
in the disc plane at r200, and 6) vpeak: the peak circular velocity.
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ρ
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g
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D
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H
Figure 2. Density profiles of five dark matter haloes. The blue curves represent haloes from the full f(R) simulations, while the red
curves are their ΛCDM counterparts from the original aquarius simulations. The corresponding dashed lines are NFW fits to the density
profiles. Density is multiplied by a factor of r2 for improved readability.
which is most prone to baryonic effects, is screened. Using
the assumption of similar baryonic effects, it is then possi-
ble to describe both f(R) and ΛCDM halo profiles with the
same functional form.
In principle it would be interesting to test the effect of
modified gravity on the baryonic feedback. This is, however,
very difficult due to the wide range of scales involved and due
to our limited understanding of the relevant astrophysics.
As an example of how these processes might differ under
modified gravity, Davis et al. (2012) find that unscreened
stars are typically brighter in modified gravity scenarios,
which implies higher supernova rates than in ΛCDM.
It is also worth noting that baryonic feedback is typi-
cally implemented in galaxy formation simulations not via
detailed models of all the relevant physics, but via strongly
simplified subgrid models which need to be calibrated to ob-
servational constraints. Hence, even when evolving such sim-
ulations fully under modified gravity, changes in the bary-
onic effects due to the fifth force would likely be partially off-
set by re-calibrating the model parameters to observations.
Furthermore, as shown in Davis et al. (2012), this differences
between modified gravity and ΛCDM feedback mechanisms
can be expected to be negligible at the small field amplitudes
considered in this work |f¯R0| ≤ 10−6, at which many galac-
tic baryons inhabit screened regions. Thus, our assumptions
should remain robust.
These considerations, together with the assumption
that rotationally-supported disc components are present in
both chameleon f(R) gravity and in ΛCDM, suggest that
our post-processing approach is valid for illuminating the
impact of fifth forces on galaxy rotation curves. That is,
qualitatively similar rotation curve upturns and radial ac-
celeration relation bumps would have been seen in the au-
riga galaxies had they instead been simulated fully self-
consistently under f(R) gravity. The exact location of the
features might be slightly different due to modified gravity
effects on the dark matter density profiles. However, the pa-
rameters describing the dark matter profiles would be free
parameters when fitting observed rotation curves, so that
these effect would be taken into account.
3.3 Rotation Curves
The rotation curves displayed in the following section are
calculated from post-processed simulation snapshots as fol-
lows.
Firstly, only particles in the disc plane are considered.
In order to isolate these, the total angular momentum vector
of the galaxy (within a sphere of radius 30 kpc around the
MNRAS 000, 1–17 (2017)
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Figure 3. Circular velocity profiles for two aquarius dark matter haloes, labelled A (left) and D (right). The blue curves show the
circular velocity calculated from particle accelerations in the full f(R) simulations, while the black curves are calculated analogously
from their post-processed ΛCDM counterparts from the original aquarius simulations. In all cases, |f¯R0| = 10−6. Solid lines include the
fifth force contribution, while the dashed lines ignore it.
centre) is calculated, and the disc plane is then the plane
perpendicular to this vector. Particles within 0.5 kpc of this
plane are admitted.
For each particle, the snapshot contains a standard
gravity acceleration vector and a separate fifth force accel-
eration vector. Taking the inner product of the acceleration
vector for a given particle (either including or excluding the
modified gravity contribution) with the radial vector then
gives an estimate of the square of the circular velocity at
the particle position. The particles are then divided into ra-
dial bins, and the average circular velocity is calculated in
each bin, giving the final rotation curve.
As a final note, the cosmological Compton wavelength
in Hu & Sawicki f(R) gravity (for n = 1) is approximately
given by (Cabre´ et al. 2012)
λC ≈ 32
√
|f¯R0|
10−4
Mpc. (14)
On scales larger than this the fifth force would be suppressed
even if the chameleon mechanism is not triggered. However,
even for the smallest scalar field amplitude considered in this
work, |f¯R0| = 10−7, this wavelength is approximately 1 Mpc,
well beyond the scales on which galaxy rotation curves can
be measured. Outside the screening radius, fifth forces will
hence affect the rotation curve out to the largest observed
radii.
4 RESULTS
4.1 Screening in Disc Galaxies
As described in §3.2, we use the modified gravity solver from
the mg-gadget code to post-process z = 0 simulation snap-
shots from the Auriga project and calculate the scalar field
fR everywhere in the simulation volume. Figures 4 and 5
show examples of the results of these calculations.
Figure 4 shows face-on and edge-on maps of the scalar
field fR, calculated across planes going through the galaxy
centres, for galaxies AuL8, Au13 and Au21, and for |f¯R0| =
8× 10−7. As in Figure 1, these three galaxies are chosen to
represent a range of galaxy masses and morphologies. The
resulting scalar field maps are qualitatively representative of
the sample. In Figure 4, it can be seen that in the outer re-
gions of the galaxies (i.e. R & 10 kpc), the scalar field hovers
roughly within an order of magnitude of the cosmic back-
ground value f¯R0. The scalar field in the innermost regions
(i.e. R . 5 kpc), however, is suppressed by many orders of
magnitude, with values as low as 10−16. These regions are
respectively the unscreened and screened regions.
In this figure, a sharp transition can be seen between
these regions at ∼ 5 kpc for AuL8 and Au13, and ∼ 15
kpc for Au21, where |fR| drops precipitously by many or-
ders of magnitude. This is the screening radius of the galaxy,
or more precisely its screening surface as there are clearly
deviations from spherical symmetry. In the unscreened re-
gion outside the screening surface, particles are subject to a
sizable fifth force, whereas in the screened region enclosed
by the screening surface, the gradients of the scalar field
are sufficiently small that the fifth force is suppressed, ac-
cording to Equation (2). Equivalently, the ambient density
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Figure 4. Face-on (top) and edge-on (bottom) scalar field maps of galaxies AuL8, Au13, and Au21, for a background field amplitude of
|f¯R0| = 8× 10−7. The black circle marks 0.05R200. At the screening surfaces (white regions), the field amplitude drops by many orders
of magnitude. The edge-on views demonstrate that the screening surface is typically compressed towards the disc plane, reflecting the
density distribution of the galaxy. The virial mass (M200) of each galaxy is labelled in each case, in units of 1010M.
in the screened region is sufficiently high, leading to an in-
creased chameleon mass, which suppresses the range of the
fifth force.
Interestingly, the disc-shaped mass distribution of the
galaxy is reflected in the shape of the fR field, which appears
to be compressed into the galactic disc plane as can be seen
in the lower panels of Fig. 4. These effects can also be seen
in the left-hand panels of Fig. 5, where face-on and edge-
on contour maps of the scalar field fR for |f¯R0| = 10−6 are
shown for Au20, overlaid on gas density projections. These
findings reflect those of Burrage et al. (2015), which analyt-
ically investigated the chameleon profiles around ellipsoidal
objects.
As we shall see in the following sections, the location of
the screening surface depends on a variety of factors: galaxy
mass, galaxy density profile, environmental density, and f¯R0.
The effect of changing f¯R0 can be seen in the right-
hand panels of Figure 5. The screening surfaces of Au20 (or
more precisely the intersection of the screening surface with
a plane in or perpendicular to the disc plane) are shown
as contours for three values of |f¯R0|: 5 × 10−7, 8 × 10−7,
1×10−6, overlaid on gas density projections. Note that here,
the screening surfaces are defined as the surfaces at which
fR = 10
−4f¯R0. This was found to consistently fall inside the
narrow transition zone. In this figure, it can be seen that
larger values of |f¯R0| correspond to smaller screening radii,
and vice versa. For stronger background amplitudes of the
scalar field, i.e. |f¯R0| & 2×10−6, all galaxies investigated are
entirely unscreened. Conversely, for most galaxies, weaker
values (∼ 10−7) lead to screening radii beyond the range
over which observed rotation curves are typically measured.
4.2 The Effect of Chameleon f(R) Gravity on
Galaxy Rotation Curves and Radial
Acceleration Relations
The presence of a screening surface and the emergence of a
fifth force on its outside have an impact on the dynamics
of galaxies. Figures 6 and 7 display the resulting effects on
the rotation curves and radial acceleration relations of the
studied galaxies. We make the assumption that the disc is
rotationally supported everywhere.
The left-hand panel of Figure 6 shows the rotation
curves calculated in the disc plane, including the fifth force
contribution, of Au9 for six different values of |f¯R0|: 10−7,
5× 10−7, 8× 10−7, 10−6, 2× 10−6, and 10−5. In each case,
the rotation curve beyond the screening radius1 is enhanced
by the additional presence of the fifth force.
As was found in the previous sub-section, the cases
|f¯R0| = 2 × 10−6 and 10−5 correspond to the galaxy being
entirely unscreened and the rotation curve being enhanced
with respect to the standard gravity rotation curve through-
out the galaxy. Conversely, the case of |f¯R0| = 10−7 gives
a screening radius larger than the range shown in the plot,
and outside the typical range spanned by observed rotation
curves. Thus, the predicted rotation curve is identical to that
of standard gravity.
The intermediate cases, however, are the most inter-
esting. At the screening radius, the rotation curve shows
a marked kink or ‘upturn’, as it transitions between the
screened and unscreened regimes.
Studying the galaxies of the SPARC sample (Lelli et al.
1 Note that in the remainder of this work, screening radius refers
to the distance of the screening surface from the galaxy centre in
the disc plane.
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Figure 5. Left : Face-on (top) and edge-on (bottom) contour maps of the scalar field, for Au20 and a background field amplitude of
|f¯R0| = 10−6, evaluated in planes passing through the galaxy centre. Right : Face-on and edge-on contours showing the location of the
screening surface for three different values of the background field amplitude, |f¯R0|: 10−6, 8× 10−7, and 5× 10−7. The screening surface
is here defined as the surface on which fR = 10
−4f¯R0. The contours are superimposed on maps of the projected gas density.
2016), McGaugh et al. (2016) found a remarkably tight re-
lation between the total acceleration at each point inferred
from rotation curves, and the acceleration due to baryonic
mass inferred from observed light distributions. We have
studied the effect of chameleon f(R) gravity on this ‘ra-
dial acceleration relation’. The results of this can be seen in
the right-hand panel of Figure 6. In this figure, the baryonic
acceleration gbary is calculated at a given radius assuming
spherical symmetry and neglecting a fifth force, i.e. adopting
GMbary(<R)
R2
, while the total acceleration gtot, which would
be measured from rotation curves, is calculated from the ac-
tual gravitational accelerations of the simulation particles,
including the fifth force contribution.
Observed radial acceleration relations are typically
smooth curves with only a small upward curvature. If no
screening radius is present in the considered range, the sim-
ulation predictions give almost straight lines in this log-log
plot. Mirroring the rotation curves in the left-hand panel,
the strongest f¯R0 values give lines that are consistently en-
hanced with respect to the standard gravity case, while at
the other end, the |f¯R0| = 10−7 line is identical to the stan-
dard gravity case. The intermediate cases, meanwhile, show
marked bumps in the relations, corresponding to the screen-
ing radii. This is a promising result: the absence of these
easily distinguishable bumps in observed radial acceleration
relations could place strong constraints on f¯R0.
Also shown in the right panel of this figure is the best-fit
function for the radial acceleration relation from the SPARC
galaxies (equation 4 from McGaugh et al. 2016). As can
be seen here with the case of Au9, the auriga galaxies
are consistently to be found lying above this best-fit rela-
tion. This mirrors the findings of other simulations, e.g. the
MassiveBlack-II simulations (Tenneti et al. 2018), and could
be related to the central density profile of the dark matter
halo.
Figure 7 shows the rotation curves and radial accelera-
tion relations of all thirteen galaxies studied, for ΛCDM and
|f¯R0| = 10−6. Galaxies Au21 and AuL1 are in red, in order
to highlight two contrasting cases: the upper rotation curve,
that of Au21, shows a clearly distinguishable upturn at its
screening radius, ∼ 10 kpc, in the upper right panel, while
AuL1 is unscreened throughout, yielding no such observable
feature.
It is also worth noting that in some cases, the upturns
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Figure 6. Left: Rotation curves of Au9 for six different values of |f¯R0|, as labelled. As described in the text, vcirc is calculated from the full
gravitational acceleration, including a potential fifth force. Right: Radial acceleration relations for Au9, for the same |f¯R0| values. The blue
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2.
Note that in both panels, the line corresponding to |f¯R0| = 2× 10−6 is obscured behind that of |f¯R0| = 1× 10−5, as both correspond to
fully unscreened cases.
occur at locations where the rotation curve is already steeply
rising. The curves are thus much smoother and the fea-
ture potentially less distinguishable observationally. How-
ever, the corresponding radial acceleration relations, seen in
the central panels of Figure 7, retain a marked bump.
The radial acceleration relations in the lower panel of
the figure have been flattened for greater distinguishability.
4.3 The Coupling of Stars to the Fifth Force
Like all cosmological simulations, modified gravity N-body
simulations have limited spatial and mass resolution. Com-
pact bodies such as stars are not resolved in cosmological
runs, and are instead treated using simulation particles that
represent whole stellar populations.
Ordinarily, this is a sufficient approximation, but in the
case of screened modified gravity theories, one might expect
some or all of the stars to be sufficiently dense so as to be
self-screened, and therefore neither source nor couple to the
fifth force, depending on the environment of a given star and
the background amplitude of the scalar field (Davis et al.
2012).
One effect of this would be that for a given galaxy, the
stellar rotation curve would differ from the gaseous rotation
curve; the latter would show an upturn absent in the former.
Alternatively, if a galaxy is completely in the unscreened
regime, a difference in the normalisation of the two rotation
curves would be observed (see, e.g., the |f¯R0| = 10−5 model
in the left panel of Fig. 6). Vikram et al. (2014) searched for
evidence of such a different normalisation in observed rota-
tion curves of isolated dwarf galaxies. No significant effect
was observed and they were able to derive a constraint of
|f¯R0| < 10−6 from this.
Another effect would be that the fifth force in a given
galaxy would be expected to be somewhat weaker than those
calculated in the previous subsections if stars do not act as
sources of the fifth force. In order to quantify this effect,
we have trialled an alternative method for post-processing
the auriga simulations. The star particles in the snap-
shots are included in the calculation of the standard grav-
itational acceleration, but excluded from the calculation of
the scalar field. This corresponds to the extreme scenario,
in which every star is fully self-screened, and thus not cou-
pling to the scalar field. In reality, the scalar field would be
an intermediate between this solution and the original so-
lution of the previous subsections. In particular, for values
of |f¯R0| ≥ 10−6 we would expect stars to start becoming
unscreened and thus recovering our original solution (Davis
et al. 2012). However, performing this fully self-consistent
calculation would be difficult in practice and we choose in-
stead to show the maximal effect of stellar self-screening.
Figures 8 and 9 show the results of this test. Figure 8
shows, for three different f¯R0 values, the ratio of the screen-
ing radii for all 13 galaxies in the new and original solutions,
as a function of halo mass. One immediately apparent point
is that the effect of excluding the stars from the scalar field
calculation results in a shrinking of the screening radius.
This is to be expected, as the exclusion of stars results in
an object of lower effective mass, that has a correspondingly
smaller screening radius.
Another point is that higher amplitudes for the back-
ground scalar field result in greater differences between the
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Figure 7. Rotation curves (top) and radial acceleration relations (middle and bottom) for all 13 galaxies in the ΛCDM (left) and
|f¯R0| = 10−6 (right) cases. The bottom pair of panels shows the same radial acceleration relations as in the middle pair, but log10(gtot)−
0.75 log10(gbary) is plotted instead of log10(gtot), so as to flatten the curves and spread them out for easier distinguishability. As discussed
in the text, galaxies Au21 and AuL1 are highlighted in red in all panels. The dotted red line in the right-hand rotation curve panel shows
the standard gravity rotation curves for Au21 and AuL1, to enable more direct comparison with the f(R) curves.
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particles as a source of the fifth force, as a function of halo mass.
The three colours indicate calculations for three different values of
f¯R0. For smaller f¯R0 values, the screening radius is larger and falls
in a region in which the density is dominated by dark matter so
that the effect of including / excluding stars is reduced. Therefore,
the screening is less sensitive to self-screening of stars in this
regime.
two solutions. The reason for this is that, as seen in Fig-
ure 5, higher values for |f¯R0| give smaller screening radii. At
smaller radii, the stellar population becomes an increasingly
dominant component of the overall density profile. Indeed,
it is typically the case in the auriga galaxies that the stars
dominate over the dark matter component in the central few
kpc, and are a significant component for a few kpc beyond.
Thus, the effect of excluding them from the scalar field cal-
culation becomes more significant towards the centre. It is
also for this reason that lower mass haloes appear to show
more of a difference; the lower mass haloes tend to have
smaller screening radii than their larger counterparts for a
given f¯R0.
Figure 9 shows the effect of stellar self-screening on the
rotation curves and radial acceleration relations of the gas
component for three galaxies, and three values of f¯R0. As in
Figure 8, the effect is that of shrinking the screening radii,
and thus shifting the locations of the rotation curve upturns
and the corresponding bumps in the radial acceleration re-
lations. As before, the magnitude of the shift varies with the
galaxy in question, and the value assumed for f¯R0. In the
most extreme case, the shift in the rotation curve upturn is
2-3kpc. This is a sizable shift, but it should be borne in mind
that this is the most extreme shift caused by the most ex-
treme assumption: that all stars are fully self-screened, and
that the screening radius of the galaxy is at a position where
the density has a large stellar contribution. To test gravity,
it might be preferable to use rotation curves at large radii,
where the stellar density contribution is small. Then the ef-
fect of stellar self-screening on the rotation curve of the gas
component is small as well, as seen for the |f¯R0| = 5× 10−7
model.
4.4 The Effects of Environmental Screening
The environment of a galaxy is expected to play a role in its
screening. For example, a galaxy situated in a dense, group
environment should have a larger screening radius than that
of a galaxy situated in an underdense void.
One can conceptualise this in the following way: from
Equations (11) and (12) one finds that for small perturba-
tions in the unscreened (low-curvature) regime the scalar
field perturbation is given by δfR ≡ fR − f¯R ≈ −2/3φN,
where φN is the Newtonian gravitational potential of the
considered mass distribution. Screening is triggered approx-
imately when δfR ≈ −f¯R, as then fR ≈ 0 and its gradient
which controls the fifth force is also suppressed. Thus, the
screening becomes effective roughly when |φN| & 3/2 |f¯R|
(see, e.g., Hui et al. 2009; Arnold et al. 2014). If an over-
dense environment contributes to the Newtonian potential
at the position of a halo, the halo’s own potential does not
then have to be as deep to trigger screening.
Figure 10 shows the results of a preliminary investiga-
tion into the magnitude of this effect. The left-hand panel
shows the relation between screening radius and halo mass
for all 13 galaxies in our sample, for |f¯R0| = 5 × 10−7. The
colours of the filled circles encode the ’environmental den-
sity’: the average density in a spherical shell centred around
the galaxy, with inner radius 5R200, and outer radius 20R200.
The inner radius was chosen as we found that for smaller
radii the density profiles typically still follows the NFW pro-
file, while the outer radius is comparable to the cosmological
Compton wavelength, so that the effect of the environment
on even larger scales on fR should be suppressed.
The left panel of Figure 10 indeed suggests that there
is a mild tendency of halos in dense environments having
larger screening radii at similar halo mass.
Taking two galaxies with similar masses but very dif-
ferent environmental densities, Au24 and Au11, we inves-
tigated the effect of transplanting the former into the en-
vironment of the latter. A sphere of radius 5R200 was cut
out from the simulation volume of Au24 and placed into
that of Au11, in the place formerly occupied by the galaxy
Au11. This modified snapshot was then post-processed with
mg-gadget as usual.
The results of this test are shown in the right-hand
panel of Figure 10, which shows the rotation curves of the
three galaxies: the original Au11 and Au24, as well as the
transplanted Au24, referred to as ‘Au24t’. As in the left-
hand panel, |f¯R0| = 5×10−7 was assumed. The effect of the
differing environments on the scalar field profiles is marginal.
Only a small part of the difference in screening radius be-
tween Au11 and Au24 is explained by the environmental
density. At least in this case, differences in the self-screening,
due to different halo concentrations, largely dominate over
differences in the environmental screening.
A major factor in the limited effect of environmental
screening is likely that the galaxies of the auriga sample
are isolated galaxies; this was a criterion for selecting the
galaxies from the parent simulation volume. Environmental
screening would likely play a much larger role in the scalar
field profiles of cluster galaxies.
MNRAS 000, 1–17 (2017)
Rotation Curves in f(R) Gravity 13
0 10 20 30 40 50
50
100
150
200
250
300
v c
ir
c
[k
m
/s
]
Au9
0 10 20 30 40 50
R [kpc]
Au21
0 10 20 30 40 50
AuL8
Newtonian
|f¯R0| = 5× 10−7
|f¯R0| = 8× 10−7
|f¯R0| = 1× 10−6
−11.0 −10.5 −10.0 −9.5
−10.4
−10.2
−10.0
−9.8
−9.6
−9.4
lo
g
1
0
(g
to
t)
[m
/s
2
]
−11.0 −10.5 −10.0 −9.5
log10(gbary) [m/s
2]
−11.0 −10.5 −10.0 −9.5
Figure 9. Rotation curves (top) and radial acceleration relations (bottom) for the gas components of Au9, Au21, and AuL8, including
(solid) and excluding (dotted) the contribution of star particles to the fifth force. The dashed lines ignore the fifth force contributions
altogether and hence correspond to ΛCDM.
When performing observational tests of screened modi-
fied gravity with galaxy kinematics, isolated galaxies would
also be preferable to those inhabiting dense environments, so
as to reduce the degeneracy between environmental screen-
ing and background field amplitude. The auriga simulation
sample should hence be a suitable testbed for such studies.
Residual environmental effects could likely be further mit-
igated by taking an estimate of the density of a galaxy’s
environment into account when using its rotation curve to
constrain modified gravity.
5 DISCUSSION
We have found in section §4.2 that in f(R) gravity galaxy
rotation curves exhibit a distinct feature near the screening
radius, namely an upturn in the circular velocity. A corre-
sponding bump can be seen in the radial acceleration rela-
tion. Here, we discuss the utility of these features to con-
strain modified gravity models.
While features of the predicted size would be clearly vis-
ible in measured rotation curves, great care must be taken in
their interpretation. In particular, a potential astrophysical
origin of such features as, e.g., a substructure in the galaxy
or a complex dynamical state after a merger have to be ruled
out.
However, while such astrophysical effects might cause
such features in individual rotation curves, chameleon
screening would consistently produce them in all galaxies
in which the screening radius falls in the radial range where
the rotation curve is measured. Furthermore, for a given
density profile, the radius at which the feature should oc-
cur can also be predicted. This should in principle allow a
robust interpretation. Before further elaborating on this, it
is worth having a brief look at some observational rotation
curve data.
Some observed rotation curves do display upturns that
are qualitatively similar to those predicted in this work (see,
e.g., the SPARC sample, Lelli et al. 2016). Figure 11 illus-
trates this. It shows the rotation curve of galaxy UGC00128
using data from the SPARC sample. UGC00128 is an iso-
lated field galaxy, we do hence not expect a sizeable environ-
mental screening effect. In this example it is indeed possible
to fit the feature at ∼ 13 kpc with an upturn induced by the
transition from the chameleon-screened to the unscreened
regime. This is shown by the light blue curve. This fit to the
rotation curve was performed following the procedure em-
ployed in Katz et al. (2017), modelling UGC00128 as a dark
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matter halo with a gaseous and stellar disc. The gaseous
and stellar components are constrained observationally, as-
suming a mass-to-light ratio, while the halo is fit with an
NFW profile (Navarro et al. 1996). In Katz et al. (2017),
three parameters are fit: the halo concentration parameter
cvir, halo virial velocity Vvir, and mass-to-light ratio M/L.
In addition to this, we incorporate the effect of f(R) gravity
by introducing one additional parameter: the screening ra-
dius Rs. Beyond this radius, a simple spherically symmetric
fifth force profile is assumed (see, e.g. eq. (10) in Sakstein
2013). The aforementioned upturn feature at 13 kpc is well
reproduced by the effects of f(R) gravity.
As discussed above, the presence of an upturn in a given
observed rotation curve is not necessarily evidence for the
presence of a fifth force, but could instead be a result of as-
trophysical effects. However, if it is indeed due to Chameleon
f(R) gravity, the position of the upturn implies a specific
value for f¯R0, which in turn dictates the locations of possi-
ble features in the rotation curves of other galaxies. If fea-
tures are consistently found at these locations, this would
lend strong support to f(R) gravity. Conversely, if features
are absent at these radii, that would suggest the original
upturn was due to some other effect. Thus, the strongest
conclusions can be drawn by performing fits to large ensem-
bles of rotation curves and testing whether a single f¯R0 value
allows good fits for the whole sample. In this context, it is
however worth considering the two potential complications
that we have investigated in Secs. 4.3 and 4.4, i.e. stellar
self-screening and environmental screening which could both
affect the exact position of an upturn.
The effect of stellar self-screening on the overall scalar
field solution has been neglected in the bulk of the calcu-
lations throughout this work. This assumption is dropped
in §4.3, where we instead consider the opposite extreme, in
which all stars are assumed to be fully self-screened, and not
acting at all as source of the fifth force. This typically led
to an inward shift of the screening radius, in the most ex-
treme cases by 2-3kpc. A safer option to avoid uncertainties
related to this might be to use observed rotation curves at
large radii, where the stellar contribution to the mass den-
sity is subdominant and a potential shift of an upturn is
much smaller.
In addition to potentially preventing stars from act-
ing as a source of the fifth force, self-shielding would also
(partly) prevent them from feeling the acceleration by the
fifth force. This would result in different rotation curves for
stars and gas, as the latter would not self-screen. Rotation
curves of the gas component at larger radii may, hence, be
the most reliable probe of a fifth force. Alternatively, one
can search for differences between stellar and gas rotation
curves. This approach has been adopted by Vikram et al.
(2014), who analysed the gaseous and stellar rotation curves
of dwarf galaxies. Rather than searching for upturns, that
work searches for differences in the normalisation between
gaseous and stellar rotation curves, caused by stellar self-
screening, in galaxies that are likely unscreened otherwise.
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Figure 11. Rotation curve of galaxy UGC00128 created using
data from the SPARC sample (Lelli et al. 2016), along with a fit
created by a similar method as in Katz et al. (2017), but addi-
tionally incorporating f(R) gravity by fitting the screening radius
Rs (indicated by the vertical dotted line).
In §4.4, it was found that the environment of a galaxy
also plays a role in determining the scalar field solution.
Galaxies in overdense environments have screening radii fur-
ther from their centre than they would have if the environ-
mental density was equal to the cosmic mean. Conversely,
void galaxies have screening radii closer in. These environ-
mental effects will therefore also alter the position of up-
turns in rotation curves. In the case considered in §4.4, the
effect of environmental screening was nevertheless found to
be marginal. However, Au24 and Au11 are among the most
massive galaxies in the sample, and environmental screen-
ing might well play more of a role in lower-mass galaxies.
The effect of environmental screening should therefore be
accounted for when performing a quantitative fit to observed
rotation curves. This could either be done statistically, with
an additional free parameter for the environmental density
with a prior informed by simulations, or by directly studying
the environment of galaxies with measured rotation curves.
A step in the latter direction is the ‘screening map’ presented
by (Cabre´ et al. 2012); a three-dimensional map, covering a
large portion of the sky, which employs large galaxy and
cluster catalogues in order to calculate, at each point, the
Newtonian potential due to external objects. If, for a given
astrophysical object, Φext  |f¯R0|, then one can assume that
self-screening of the galaxy dominates over environmental
screening. Vikram et al. (2014) have employed this screen-
ing map in their sample selection. Furthermore, Desmond
et al. (2018b) have built upon the above work by creat-
ing an updated screening map, featuring more sophisticated
techniques and a more complete sky map.
As an alternative to searching for upturns, one could
also use completely smooth sections of rotation curves to
rule out the presence of a screening radius in those re-
gions. Using such sections in a sample of galaxies of dif-
ferent masses should allow the ruling out of large parts of
the modified gravity parameter space.
For our roughly Milky Way-sized halos we find that
the galaxies are typically screened at the galactocentric dis-
tance of the Solar System of ∼ 8kpc for background field
amplitudes of |f¯R0| . 8 × 10−7, suggesting that |f¯R0| can-
not be much larger than this value. Searching for evidence
of screening in rotation curves at larger radii and/or lower
mass galaxies will allow probing even smaller field ampli-
tudes. In the SPARC sample, accurate rotation curves have
been measured for objects with rotational velocities down
to ∼ 50 km/s, roughly four times smaller than that of the
Milky Way. The square of the circular velocity is expected
to be roughly proportional to the depth of the Newtonian
potential. The latter can be used to estimate the maximum
background field amplitude at which Chameleon screening is
triggered in an object (see Sec. 4.4). Together, this suggests
that using rotation curves of lower mass galaxies, it should
be possible to constrain f(R)-gravity down to |f¯R0| values
of ∼ 10−7, which would be very competitive compared to
other techniques.
6 SUMMARY AND CONCLUSIONS
We have studied the impact of Chameleon-f(R) gravity
on rotation curves and radial acceleration relations of disc
galaxies. To this end, we have post-processed state-of-the-
art ΛCDM simulations of disc galaxy formation from the
auriga project with the modified gravity solver of the
mg-gadget code. This is numerically much cheaper than
performing full physics, galaxy formation simulations with
f(R) gravity, which remains very challenging. The validity
of this post-processing approach is established in Sec. 3.2.
In addition to investigating the kinematic structure, we
have studied the scalar field morphology and the transition
from the screened to the unscreened region. Our main find-
ings are:
• In f(R) gravity, the scalar field iso-contours in disc
galaxies inherit an oblate shape from the mass distribution.
This results in a discoid screening surface (rather than a sim-
ple screening radius). This needs to be taken into account
when predicting modified gravity effects on rotation curves.
• At the position where the galactic disc penetrates the
screening surface, a distinct upturn is present in the rotation
curve. The rotational velocity in the unscreened region is
enhanced by the fifth force by up to a factor ∼√4/3.
• A corresponding distinct bump is present in the radial
acceleration relation.
• Lower values of the comic background scalar field, |f¯R0|,
lead to larger screening radii, and therefore rotation curve
upturns that are more distant from the galactic centre. Con-
versely, more massive objects have smaller screening radii at
fixed |f¯R0|.
• Stellar self-screening and environmental screening can
also affect the position of the upturn in the rotation curve.
The former effect is negligible for upturns at large radii
where the stellar contribution to the mass density is small.
Environmental screening is a sub-dominant effect for the
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Milky Way-sized galaxies considered here, may however be
more important in lower mass galaxies.
• Stellar self-screening will also result in different rotation
curves of stars and gas. Since the gas will not self-screen, its
rotation curve might be easier to interpret.
• The predicted rotation curve upturns are qualitatively
similar to upturns seen in at least some observed galaxies.
These signatures, provide a potentially promising avenue to-
ward strong constraints on f(R) gravity. However, as dis-
cussed in Sec. 5, a careful statistical analysis of galaxy sam-
ples will be needed to unambiguously distinguish modified
gravity effects from astrophysical effects on rotation curves
and radial acceleration relations.
• In the model with the smallest background scalar field
amplitude, |f¯R0| = 1× 10−7, the rotation curves and radial
accelerations of all galaxies considered were indistinguish-
able from the ΛCDM case. Conversely, at the other end of
the spectrum, all galaxies were unscreened for |f¯R0| = 10−5
and 2 × 10−6, and therefore their rotation curves were en-
hanced with respect to ΛCDM throughout the entire disc.
The intermediate values of f¯R0 are hence the most inter-
esting. It is at these values that rotation curves and radial
acceleration relations display upturns and bumps that would
be visible in observational data. Note, however, that lower
mass galaxies will be sensitive to correspondingly smaller
|f¯R0| values. Sensitivities down to |f¯R0| ∼ 10−7 should be
achievable with existing data.
Our results indicate that rotation curves and radial
acceleration relations can provide constraints on screened
modified gravity that are very competitive with constraints
from larger scales, e.g., employing the next generation of
galaxy clustering and weak lensing surveys. Furthermore,
they are complementary to these surveys as they test grav-
ity on different scales. Applying this technique to data seems
hence a very promising direction to pursue and we plan to
do so in future work.
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